DNA heteroduplexes with single unpaired bases of the four different kinds were prepared by annealing separated strands of bacteriophage X DNA and used to transfect Escherichia coli. Genetic analysis of the progeny phages obtained from transfected bacteria indicates that the E. coli mismatch repair system can recognize and repair heteroduplexes with single unpaired bases-i.e., frameshift/ wild-type heteroduplexes. The repair of a particular strand of the heteroduplex is inhibited by full methylation ofthe adenines in the GATC sequences of that strand. Thus, it appears that the E. coli mismatch repair system can act on newly synthesized DNA strands to remove replication errors involving the insertion or deletion of a single base.
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The Escherichia coli mismatch repair system is able to recognize noncomplementary base pairs in DNA and acts, apparently via localized excision and resynthesis, to replace mispaired bases (for review, see ref. 1). Regions of DNA in which GATC sequences are fully adenine-methylated appear to be refractory to mismatch repair (2, 3) , and it appears to be the transient undermethylation of newly synthesized GATC sequences in the region immediately following the replication fork that allows mismatch repair to operate only on newly synthesized strands and thereby remove replication errors (1) (2) (3) (4) (5) .
The E. coli mismatch repair system does not recognize and/or repair all mismatches with equal efficiency (6, 7) . Both transition mismatches (G-T and CGA) are readily recognized and repaired, whereas three of the six transversion mismatches are not (6) . This pattern can account, in part, for the findings that the mutator effects observed in E. coli mutH, mutL, mutS, and mutU mutants, which are deficient in mismatch repair (refs. 2-8; (2, 6) , are due primarily to an increase in transition and frameshift mutations (1) .
The fact that mutants deficient in mismatch repair show increased frequencies of frameshift mutations suggests that the E. coli mismatch repair system can recognize and repair heteroduplexes with one or more unpaired bases-i.e., frameshift/wild-type heteroduplexes. This hypothesis was tested. The results indicate that heteroduplexes with one unpaired base can be recognized and repaired by the E. coli mismatch repair system.
MATERIALS AND METHODS
X phages with sequenced frameshift mutations in the cI gene were obtained from Franklin Hutchinson (Yale University). Strand preparation and annealing, transfection conditions, and scoring procedures have been described (6) . Unmethylated DNA is prepared from phages grown in dam (deficient in adenine methylation) bacteria, GM33 (9) . Fully methylated DNA is prepared from phages grown in a methylase overproducer strain (10) [the GATC sequences in X DNA prepared from phages grown in wild-type E. coli are only about 75% methylated (2) ].
RESULTS AND DISCUSSION When single strands of DNA from wild-type and frameshift mutant phages are annealed, the resulting heteroduplexes contain one or more unpaired bases. If the frameshift is ofthe + 1 addition type, a single unpaired base will be present on the mutant strand. If the frameshift is of the -1 deletion type, a single unpaired base will be present on the wild-type strand. In other words, + 1 addition frameshift/wild-type heteroduplexes and -1 deletion/wild-type heteroduplexes are structurally equivalent and differ only with respect to the genotype of the strand with an unpaired base. Each frameshift/wild-type pair of DNAs will form two heteroduplexes that differ only with respect to the unpaired base. Thus, by annealing separated strands of DNA from wild-type bacteriophage X with separated strands of DNA from phages with addition frameshift mutations, one + 1 G C and one + 1 A-T, it has been possible to form individual heteroduplexes with single unpaired bases of the four different kinds ( Fig. 1 ; Table 1 , lines 1-4).
Repair of unmethylated frameshift/wild-type heteroduplexes is relatively efficient, asjudged by the small fraction of mixed infective centers-i.e., those yielding phages of both clear (cI) and turbid (c+) genotypes, obtained from transfections of wild-type bacteria relative to transfections of mismatch repair-deficient (mutL) bacteria (Table 1, lines 1-4 ; see ref. 6 ). The extent of the repair is comparable to that observed for heteroduplexes with single base-pair mismatches (6) and much greater than that observed for heteroduplexes with a large (800-base-pair) single-stranded loop (ref. 3; unpublished data). As was observed for single base-pair mismatches (6), there is a consistent, but unexplained, bias in favor of L-strand genotypes among pure 3395 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Proc. Natl. Acad. Sci. USA 83 (1986) (12) . DNA strands are unmethylated unless otherwise indicated (me').
*The representation of the heteroduplexes in this table is not meant to reflect actual heteroduplex structure. NMR studies of short heteroduplexes have shown that single unpaired bases can be either intra-or extrahelical (13, 14) . tPreliminary results obtained from transfections with these heteroduplexes (3) could not be confirmed. *Mutant strands of these heteroduplexes have a (G.C) deletion frameshift.
infective centers-i.e., those infective centers yielding only cI or c+ phages.
To confirm that the genotype of the strand with the unpaired base does not somehow influence mismatch repair, frameshift/wild-type heteroduplexes were prepared using -1 deletion frameshift DNA. The results of transfections with these heteroduplexes ( Genetics: Dohet et al. 
